Atherosclerosis is a major complication of type 2 diabetes. The pathogenesis of this complication is poorly understood, but it clearly involves production in the vascular wall of macrophage (Mo) lipoprotein lipase (LPL). Mo LPL is increased in human diabetes. Peripheral factors dysregulated in diabetes, including glucose and free fatty acids (FAs), may contribute to this alteration. We previously reported that high glucose stimulates LPL production in both J774 murine and human Mo. In the present study, we evaluated the direct effect of FAs on murine Mo LPL expression and examined the involvement of peroxisome proliferator-activated receptors (PPARs) in this effect. A therosclerosis is the major underlying cause of cardiovascular diseases in adults and the leading cause of morbidity and mortality among diabetic patients (1-6). It has been shown that lipoprotein lipase (LPL), a secretory product of macrophage (Mo) in the arterial wall, contributes to the development and progression of atherosclerosis (7-12). We have previously shown that high glucose enhances LPL production in J774 murine and human Mo (13). Furthermore, we have recently demonstrated that Mo isolated from patients with type 2 diabetes overproduce LPL (14). Besides glucose, other metabolic factors dysregulated in diabetes, such as fatty acids (FAs), may play a key role in the Mo LPL overproduction associated with human diabetes. Indeed, FAs are increased in the plasma of diabetic patients and are produced at high concentrations in the arterial wall through the hydrolysis of triglyceride-rich lipoproteins infiltrating the intima (15).
A therosclerosis is the major underlying cause of cardiovascular diseases in adults and the leading cause of morbidity and mortality among diabetic patients (1) (2) (3) (4) (5) (6) . It has been shown that lipoprotein lipase (LPL), a secretory product of macrophage (Mo) in the arterial wall, contributes to the development and progression of atherosclerosis (7) (8) (9) (10) (11) (12) . We have previously shown that high glucose enhances LPL production in J774 murine and human Mo (13) . Furthermore, we have recently demonstrated that Mo isolated from patients with type 2 diabetes overproduce LPL (14) . Besides glucose, other metabolic factors dysregulated in diabetes, such as fatty acids (FAs), may play a key role in the Mo LPL overproduction associated with human diabetes. Indeed, FAs are increased in the plasma of diabetic patients and are produced at high concentrations in the arterial wall through the hydrolysis of triglyceride-rich lipoproteins infiltrating the intima (15) .
The role of FAs in atherogenesis has been largely characterized over the last decade. Whereas much evidence supports a proatherogenic effect of saturated FAs (16 -20) , a protective action with respect to the arterial wall has been attributed to unsaturated FAs (20 -25) . Lipid metabolism is one major mechanism responsible for the modulatory effect of FAs on the atherogenic process. LPL is a major enzyme involved in the hydrolysis of lipoproteins. Recently, an inhibitory effect of FAs on plasma and adipocyte LPL has been documented. More specifically, it has been shown that rats fed a high-fat diet have decreased plasma and adipocyte LPL activity levels (26) and that high-fat feeding of normal subjects causes an impairment of insulin-stimulated LPL activity in adipose tissue (27) . In addition, fasting and catecholamines, which stimulate lipolysis and increase plasma FA levels, have been reported to decrease adipocyte LPL activity (28) . Because LPL gene expression in adipose tissue is increased (29) or unaffected by FAs (30, 31) , posttranslational mechanisms have been implicated in the regulation of adipocyte LPL by these metabolic agents.
Despite the potential key role of Mo LPL and FAs in atherogenesis associated with diabetes, the regulatory effect of FAs on Mo LPL expression has not been investigated. Based on our previous results showing a similar metabolic regulation of LPL expression in murine and human Mo (13) , in the present study, we investigated the direct regulatory effect of FAs on LPL in J774 murine Mo. Our data demonstrate that FAs directly modulate Mo LPL expression.
oligonucleotide containing the peroxisome proliferator-responsive element (PPRE) consensus sequence of the human LPL gene promoter (36) (sense: 5Ј-CGTCTGCCCTTTCCCCCTCT-3Ј; antisense: 5Ј-GAGAAGAGGGGGAAAGG-GCA-3Ј) was synthesized with the aid of an automated DNA synthesizer. After annealing, the double-stranded oligonucleotide was labeled with [␥-32 P]ATP using the Boehringer-Mannheim 5Ј end-labeling kit (Indianapolis, IN). Determination of murine LPL immunoreactive mass and activity. J774 cells (2 ϫ 10 6 ) were incubated for 24 h in DMEM containing 0.2 mmol/l FA. Then, 1 h before the end of the incubation period, 100 U/ml heparin was added to the medium. Extra-and intracellular LPL immunoreactive mass and activity were determined in the supernatants and in 0.5N NaOH cell lysates using the Markit-F-LPL kit (Dainippon Pharmaceutical, Osaka, Japan) (37) and the confluolip kit (Progen, Heidelberg, Germany) (38) , respectively. LPL mass and activity were normalized to the levels of total cell proteins. Immunoprecipitation assay. Following treatment with the appropriate FA, 1 ϫ 10 6 cells were washed twice with PBS and incubated for 1 h with methionine-free DMEM. Cells were then metabolically labeled with 100 Ci [ 35 S]methionine for 4 h and chased for 1 h with complete DMEM. Radiolabeling was ended by the addition of lysis buffer (50 mmol/l Tris-HCl [pH 7.5], 150 mmol/l NaCl, 100 g/ml PMSF, and 1% Triton X-100). Immunoprecipitation of LPL in cell lysates was performed after centrifugation of homogenates at 17,000g for 20 min at 4°C; the supernatant was collected and used for immunoprecipitation. The samples (200 g total cytoplasmic proteins) were incubated at 4°for 4 h with 10 g of the monoclonal anti-LPL antibody 5D2 (received from J. D. Brunzell, University of Washington, Seattle, WA) followed by incubation with 10 l goat anti-mouse IgG antiserum (Bio Rad, Hercules, CA). The immunocomplexes were collected on protein A/G PLUS-agarose beads (Santa Cruz Biotechnology), washed twice with Tris-buffered saline (TBS) containing 0.2% NP-40, 2 mmol/l EDTA, and 500 mmol/l NaCl, then with TBS only. The pellet was resuspended in 1ϫ SDS-loading buffer (50 mmol/l Tris-HCl [pH 6.8], 100 mmol/l DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and boiled for 10 min, and the samples were subjected to 8% SDS-PAGE (39) . Immunoprecipitation of cytoplasmic proteins isolated from heparin-stimulated Mo was used as positive control (40) . Immunoprecipitation with the irrelevant anti-human interleukin-6 antibody (10 g) (Santa Cruz Biotechnology) was used as negative control. After autoradiography, the intensity of the bands was quantified by densitometry using an image analysis scanning system (Alpha Imager 2000; Packard Instruments). Determination of cell viability. Cell viability after treatment with FAs was assessed by trypan blue exclusion. Viability was consistently found to be Ͼ90%. Determination of protein concentrations. Protein concentration was measured according to the Bradford method (41) using a colorimetric assay (Bio-Rad, Mississauga, Ontario, Canada) and BSA as standard. Statistical analysis. Statistical analysis of the results were done by one-way analysis of variance followed by the Student-Newman-Keuls test for multiple comparisons. All values were expressed as means Ϯ SE. P Ͻ 0.05 was considered significant. Heparin-stimulated cells and immunoprecipitation with an irrelevant antibody were used as positive and negative controls, respectively. As illustrated in Fig. 3 , treatment of J774 cells with AA, LA, and PA for 24 h led to a significant increase in LPL synthetic rate (LPL synthetic rate [% over basal values]: AA 153 Ϯ 18%, LA 168 Ϯ 8%, and PA 142 Ϯ 5%, P Ͻ 0.05). In contrast, EPA, OA, and SA did not affect this parameter (Fig. 3) . LPL synthesis in FA-treated Mo, expressed as percentages of control values, is illustrated in Fig. 3B . Effect of FAs on the binding of nuclear proteins to the regulatory PPRE sequence of the LPL gene promoter. Exposure of Mo for 24 h to all FAs resulted in a dramatic increase in the binding of nuclear proteins to the PPRE consensus sequence of the LPL promoter ( Fig. 4A  and B) . This binding was specifically competed in the presence of a 1,000-fold molar excess of the unlabeled PPRE oligonucleotide (data not shown). Whereas immunoneutralization of nuclear proteins with anti-PPAR-␥ antibodies only effectively reduced AA-stimulated binding activity (Fig. 4A) , incubation of nuclear extracts in presence of anti-PPAR-␣ antibodies decreased PA-, SA-, and OA-stimulated binding activity to the PPRE sequence (Fig.  4B) . In contrast, no effect of anti-PPAR-␤ antibodies on FA-stimulated binding activity to the PPRE sequence was observed (data not shown).
FIG. 1. Effect of FAs on murine
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The present study demonstrates that FAs exert a direct regulatory effect on Mo LPL expression. Key elements in the lipid signal transduction pathway include transporting of exogenous FAs into cells, metabolism of FAs to second messengers, trafficking of the messengers to the nucleus, and regulation of gene transcription via association with nucleus coactivators or repressors. A wide number of adipocyte lipid-related genes, including the adipocyte lipid binding protein (42, 43) , have been shown to be regulated by exogenous FAs (43, 44 (45) These results suggest that FAs, including PA, SA, and AA, might exert their regulatory effect on Mo LPL gene expression, at least partly, through a PPAR-dependent mechanism. Indeed, we found that these well-characterized ligands and activators of PPARs (49) directly regulate Mo LPL gene expression and enhance the binding activity of nuclear proteins to the PPRE element present in the LPL gene in a PPAR-specific manner. The hypothesis that PPARs may play a role in the control of Mo LPL by FAs awaits future studies aimed at evaluating the role of FAs in LPL transcription and reporter construct activity. Apart PPARs, FAARs, which also recognize the putative PPRE sequence present in the LPL gene promoter, are likely to be involved in the regulation of Mo LPL gene expression by exogenous FA. This possibility may apply to LA and EPA, which enhance the binding activity to the PPRE sequence in a PPAR-independent manner. Alternatively, a role of c-fos in the regulation of Mo LPL by FAs may be proposed. This hypothesis merits particular consideration in the case of LA and EPA, which regulate the PKC/c-fos signaling pathway (50 -52) and induce parallel changes of Mo c-fos and LPL mRNA expression (S.E.M., G.R., unpublished observations).
Saturated FAs bind to PPAR-␣ with high affinity, and unsaturated FAs bind to all three PPAR subtypes with varying affinities. Of the unsaturated FAs tested in the present study, LA and OA show higher affinity for PPAR-␣, whereas AA and EPA interact more efficiently with PPAR-␥ (49). Our findings that FAs that function as PPAR-␣ ligands enhance Mo LPL gene expression and our observations that anti-PPAR-␣ decreases the enhanced binding of nuclear proteins isolated from SA-, PA-, and OA-treated Mo to the PPRE regulatory domain of the LPL gene suggest a positive relationship between PPAR-␣ activation and Mo LPL gene expression. Whether a PPAR signaling pathway is involved in the suppressive effect of AA and EPA on Mo LPL gene regulation is currently unclear. Indeed, despite the previous evidence for a role of PPAR-␥ as a negative regulator of Mo gene expression (53, 54) , the net effect of PPAR-␥ ligands on Mo LPL gene expression has not been studied. Although our results demonstrate that PPAR-␥ binding to the PPRE sequence occurs in AA-treated Mo, this does not provide evidence for a role of this transcription factor in the EPA-induced DNA binding activity to the PPRE sequence. Apart from PPAR, various transcription factors, including FAAR (42), hepatocyte nuclear factor-4 (55), and chicken ovalbumin upstream promoter transcription factor (56) , may bind to the PPRE DNA target site. Whether these transcription factors may contribute to the suppressive effect of AA and EPA on Mo LPL gene expression remains to be investigated.
LPL-producing cell types have the capacity to control this enzyme at a variety of levels (28 -30) . Whereas adipocyte LPL regulation in response to FAs has been proposed to take place mainly at the posttranscriptional level (30), our results suggest that Mo LPL regulation may occur at both the transcriptional and posttranscriptional level in response to FAs. Because changes in LPL mRNA levels on exposure of Mo to LA and PA are of the same size as changes in the LPL synthetic rate and secretion, it may be hypothesized that Mo LPL regulation in response to these agents occurs primarily at the transcriptional level. Although we did not perform run-on assays, data showing that nuclear proteins isolated from Mo exposed to these FAs bind to the LPL promoter PPRE sequence seem to support this possibility. In contrast, our results, demonstrating that changes in LPL gene expression following treatment of Mo with SA, AA, and EPA do not correlate with changes in LPL synthetic rate and/or secretion, indicate that these FAs regulate Mo LPL at the posttranscriptional level. Our finding that LPL synthetic rate paralleled protein activity in AA-and EPA-treated Mo indicates that translational events are involved in the effect of these FAs on Mo LPL. In contrast, our observation that LPL protein synthesis is unaffected by SA, whereas LPL secretion is increased in SA-treated Mo, reflects posttranslational control of LPL by this FA. Although the mechanisms involved in the translational control of Mo LPL by AA and EPA are unknown, it is possible that these FAs may increase LPL translation processing by activating cytoplasmic trans-stimulating proteins that bind to the mRNA 3Ј untranslated region. This possibility is supported by the observation of Kern et al. (57) that LPL translational regulation by thyroid hormone is exerted via a cytoplasmic protein interacting with the 3Ј untranslated region of the LPL mRNA.
Multiple evidence indicates that dietary saturated FAs represent a risk factor for atherosclerosis (16 -20) . Based on the proatherogenic effects of LPL secreted by Mo in the subendothelial space, our results, demonstrating that saturated FAs increase Mo LPL production, suggest a new mechanism by which these metabolic factors may promote atherogenesis. In contrast to saturated FAs, intake of polyunsaturated n-3 FA has been associated with a lower incidence of cardiovascular events (24, 58, 59) . n-3 FA may favorably affect the atherogenic process by reducing the secretion of proatherogenic cytokines by Mo. In accordance with our previous observation showing a reduction in LPL mRNA levels in Mo isolated from mice fed a fish oil-enriched diet (60) we found that incubation of Mo with n-3 FA for 24 h decreases Mo LPL gene expression and that prolonged incubation (48 h) of Mo with this FA reduces Mo LPL secretion (data not shown). Overall, these data suggest that a relative reduction in Mo LPL production may contribute to the cardioprotective effect of n-3 FA. Macrophages are able to use glucose, glutamine, and FAs as energy sources (61) . Because complete oxidation of glucose and glutamine is limited in Mo, FA oxidation may provide, under various circumstances, a significant proportion of the energy required by these cells. In particular, these metabolic factors may constitute, in the energylimited environment of the atherosclerotic plaque, the crucial fuel for activated Mo energy expenditure. Infiltration of triglyceride-rich lipoproteins into the arterial wall and hydrolysis of these particles by LPL are likely to release high concentrations of FAs in the subendothelial space of the vessels. Although the levels of FAs to which Mo are exposed in vivo are unknown, increased serum levels of unbound free FAs have been documented in patients undergoing coronary angioplasty (62) . Whether the concentrations of unbound free FAs used in our experimental conditions reflect the levels of FAs to which macrophages are exposed in the arterial wall is currently uncertain.
Data generated by the current study suggest that production of FAs in the arterial wall may regulate the production of Mo LPL at vascular sites. Because lipoproteins isolated from diabetic patients show increased levels of saturated FAs and LA (63) and low levels of n-3 FA, infiltration of these particles in the arterial wall may favor the induction of Mo LPL that we previously reported in human type 2 diabetes (13). Enhanced production of Mo LPL in the arterial wall may contribute to the accelerated atherosclerosis associated with diabetes.
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